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a b s t r a c t 
Glassy ribbons of Zr 65 Al 7.5 Ni 10 Cu 17.5–x Au x ( x = 6–17.5 at%), cold-rolled at liquid-nitrogen temperature, 
transform into glass and icosahedral quasicrystalline [glass’ + (IQ)] or [glass’ + IQ + dodecagonal qua- 
sicrystalline (DoQ) + approximant crystalline (APC)] phases. The rolled ribbons show plasticity, an un- 
precedented contrast to the extreme brittleness of all alloys containing large size IQ-, DoQ- and APC 
particles reported to date. After thickness reductions ( R ) of 50–70%, the structure is [glass’ + IQ] for 
6–15Au and [glass’ + IQ + DoQ + APC] phases for 17.5Au. The IQ and DoQ particle diameters are 50–
100 nm and 150–200 nm, respectively, much larger than the 10–15 nm for the IQ phase when induced 
by annealing. On cold-rolling, the Vickers hardness decreases by up to 24% at R = 70%, in contrast to 
the hardening effect of annealing-induced transformation. Tensile tests on cold-rolled ribbons show ev- 
idence for preferential slip at pre-existing shear bands. The rolling-induced quasicrystalline phases have 
quasiperiodic atomic arrangements that are incompletely developed and do not extend over long range; 
the high density of internal defects and strains appears to promote plasticity. The success in synthesiz- 
ing plastic [glass’ + IQ] and [glass’ + DoQ + APC] alloys may provide a new method for ductilization of 
brittle materials, and is promising for the development of a new type of structural material. 
© 2020 Acta Materialia Inc. Published by Elsevier Ltd. 
This is an open access article under the CC BY license. ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 
Metallic materials consist of up to three types of phases with
rystalline, glassy (amorphous), or quasicrystalline atomic config-
rations. The first synthesis of a metallic glass by rapid solidifi-
ation was for an Au-Si alloy in 1960 [1] , while the icosahedral
uasicrystalline (IQ) phase was discovered in a rapidly solidified
l 86 Mn 14 (at%) alloy in 1984 [2] . At present, metallic glasses can
e cast in bulk form with maximum diameter above 1 cm in a
ide variety of alloy systems, and they possess several proper-
ies that are attractive compared to their crystalline counterparts
 3 –6 ], e.g. higher strength, elastic strain, electrical resistivity, ther-
al expansion coefficient, surface smoothness, optical reflectiv-
ty, corrosion resistance, viscous deformability, and also net-shape∗ Corresponding author at: School of Materials Science and Engineering, Tianjin 
niversity, Tianjin 30 0 072, China. 
E-mail addresses: inoue@jiu.ac.jp (A. Inoue), slzhu@tju.edu.cn (S.L. Zhu), 
lg13@cam.ac.uk (A.L. Greer). 
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359-6454/© 2020 Acta Materialia Inc. Published by Elsevier Ltd. This is an open access aastability due to the much smaller shrinkage during solidification.
ulk-glass-forming compositions: (1) are multicomponent, consist- 
ng of three elements or more; (2) have significant mismatches
 > 12%) in the atomic radii of the three main elements; and (3)
ave negative heats of mixing between the main constituent ele-
ents [6–8] . Fe-based and Zr-based bulk metallic glasses (BMGs)
ave found application as soft-magnetic, sensor, micro-machinery,
asing, spring, hinge, biomedical screw, sporting goods, structural
nd surface coating materials [6–8] . On the other hand, IQ alloys
how very high hardness, high wear resistance and electrical resis-
ivity, and low thermal conductivity in comparison with conven-
ional crystalline alloys [9–11] . Although these properties of IQ al-
oys may be attractive, their ultra-high brittleness has precluded
heir development as practical engineering materials. This brittle-
ess is thought to originate from the difficulty of dislocation move-
ent in the quasiperiodic lattice and from the strong covalent na-
ure of the bonding between their constituent elements [9–11] . 
The strength and plasticity of as-cast Zr-based BMGs decrease
ignificantly in systems containing IQ particles [12] , though therticle under the CC BY license. ( http://creativecommons.org/licenses/by/4.0/ ) 
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c  compressive deformation-induced formation of a nanocluster IQ
region along the shear bands leads to an increase of ductility
[ 13 , 14 ]. The homogeneous dispersion of nanoscale IQ phase is ob-
tained by annealing-induced partial transformation of Zr-Al-Ni-
Cu-M glasses containing elements with positive heats of mixing
and/or large atomic size mismatch such as M = Ag, Pd, Pt, Au
or Nb [ 15 –19 ]. Besides, high-pressure torsion has been applied to
Zr 65 Al 10 Ni 10 Cu 17 Au 3 glasses, and the deformed alloys show higher
H V and smaller heats of crystallization with increasing the num-
ber of torsion cycles, accompanying the precipitation of nanoscale
metastable cubic Zr 2 Ni compound with a particle diameter of 5–7
nm, which is distinct from IQ and APC phases [20] . However, in-
creases in the volume fraction and particle size of IQ phase caused
a drastic decrease in plasticity and a significant decrease in frac-
ture strength [ 12 , 15 –18 ]. To date, there have been no data on the
synthesis of plastic IQ-containing glass alloys with large particle
size above several tens of nanometers. If a glassy alloy containing
large particle size IQ phase with plasticity could be synthesized,
this would mark a third kind of plastic metallic material, in addi-
tion to crystalline and glassy alloys. Such a breakthrough would
require a fundamental revision of the current concept of brittle
quasilattice metallic materials. 
We recently reported that cold-rolling of Al-Y and Al-Y-Ni-
Co amorphous alloys can induce a novel transformation mode
[21] . The rolling-induced precipitate is an fcc-Al supersaturated
solid solution with the same nominal composition as the al-
loy, implying formation by polymorphic crystallization, i.e. with-
out appreciable redistribution of the constituent elements. This
is completely different from the annealing-induced crystallization
of Al-Ln (Ln = lanthanide metal) and Al-Ln-Ni-Co glasses, which
gives [fcc-Al + compound] phases with compositions significantly
different from the amorphous matrix [22–25] . In addition, the
cold-rolled Al-based alloys with [fcc-Al supersaturated solid solu-
tion + residual amorphous] phases retain good bending plastic-
ity in conjunction with a distinct decrease in hardness [21] , in
contrast to the loss of bending plasticity and significant increase
in hardness for annealing-induced crystallization of the same Al-
based alloys [ 22 , 23 ]. The significantly different structure, transfor-
mation behavior and mechanical properties, arising from the cold-
rolling, suggest that this can be regarded as a useful method for
synthesis of a novel and potentially useful metastable phases. 
The present work reports that glassy alloys containing large
particle sizes of IQ phase, or a mixture of [IQ + dodecagonal
quasicrystalline (DoQ) + approximant crystalline (APC)] phases, in
each case with good bending plasticity, can be formed by cold-
rolling of Zr 65 Al 7.5 Ni 10 Cu 17.5–x Au x ( x = 6–17.5 at%) and Zr-Al-Ni-Au
glasses. This is the first evidence for the synthesis of large parti-
cle size IQ- and [IQ + DoQ + APC]-containing glass alloys with
good plasticity, and provides the first insight on the effects of cold-
rolling on IQ, DoQ and APC atomic configurations. There are op-
portunities to clarify the structural relationship among the IQ, DoQ
and glassy phases, and the processes by which they are formed.
We characterize the microstructure, mechanical properties and
thermal stability of the rolling-induced IQ- and [IQ + DoQ + APC]-
containing glass alloys, and assess the usefulness of cold-rolling to
synthesize new useful metastable phases in such systems. 
2. Experimental methods 
Multicomponent Zr-based alloys with nominal compositions
Zr 65 Al 7.5 Ni 10 Cu 17.5–x Au x ( x = 6, 10, 15 and 17.5 at%) were cho-
sen because this alloy series forms bulk glasses that can crystal-
lize to give a mixture of [glass’ + IQ] phases [15] . The alloy in-
gots were prepared by arc-melting the mixtures of pure metals
with purities above 99.9 wt% under an argon atmosphere. Ribbons
with thickness ≈ 30–40 μm and width ≈ 2 mm were preparedy single-roller melt-spinning; the circumferential velocity of the
opper wheel was ~ 30–37 m s –1 . The amorphicity of the sam-
les was confirmed by X-ray diffraction (XRD) and transmission
lectron microscopy (TEM). Thermal stability associated with the
lass transition, supercooled-liquid region and crystallization was
xamined by differential scanning calorimetry (DSC) with a heating
ate of 0.67 K s –1 . For cold-rolling, the ribbons were sandwiched
etween two type-304 stainless-steel plates, each with an initial
hickness of 2 mm. The sandwich structures were passed through a
win-roller machine to obtain a thickness reduction of ~5% in each
ass. Several dozen passes were used to obtain ribbons with to-
al thickness reductions in the range up to ~70%. Rolling was con-
ucted mostly close to liquid-nitrogen temperature (LNT, near 77
); for this, the sandwich structure was immersed in liquid nitro-
en for 600 s before being taken out and immediately rolled. The
nitial Vickers hardness of the stainless-steel sheet was 270, and
his ultimately rose to ~600 as a result of the rolling. The tensile
tress-strain curve was measured for the as-spun and cold-rolled
ibbons at room temperature (RT) using an Instron testing ma-
hine. The gauge dimension was ~2 mm in width and ~10 mm
n length. The initial strain rate was 8.3 × 10 –5 s –1 . The struc-
ure of the cold-rolled ribbons was examined by XRD, scanning
lectron microscopy (SEM), standard TEM and high-resolution TEM
HRTEM) (JEOL-300, FEI Tecnai F30) equipped with nanobeam elec-
ron diffraction and EDX spectroscopy. The thin foils for TEM ob-
ervation were prepared at liquid nitrogen temperature under very
ild milling conditions with a 3 keV, 40 μA beam at a grazing
ncidence angle of 3 degrees. It is further confirmed that no crys-
alline phase is recognized in the as-spun 10Au alloy ribbon with
 thin foil made under the same milling conditions. The bending
lasticity was evaluated by a simple bend test; ribbons that can be
ent through 180 ° and then back to the original straight condition
re considered to be “plastic”. The tensile fracture surface and the
ent outer surface were examined by SEM. 
. Results 
Fig. 1 a, b show XRD patterns and DSC curves of melt-spun
r 65 Al 7.5 Ni 10 Cu 17.5–x Au x ( x = 6–17.5 at%) ribbons. The ribbons ex-
ibit only broad haloes in the XRD patterns with no detectable
rystalline peaks. The DSC traces show the glass transition, fol-
owed by the supercooled-liquid region and then two exotherms,
ndicating that crystallization proceeds through two stages. The
RD patterns of the 6–17.5Au ribbons annealed for 1800 s at
 temperature above the first exotherm can be identified as
glass’ + IQ] phases ( Fig. 1 c). Fig. 1 d,e show a bright-field TEM
mage and selected-area electron diffraction pattern of the 10Au
ibbon annealed for 1800 s at 761 K; annealing gives spheroidal
articles of an IQ phase, with diameter as small as 10–15 nm, dis-
ersed in a glassy matrix. These annealed ribbons are very brittle,
nd fracture easily during bending, being consistent with the pre-
ious findings that the annealing-induced IQ-based alloys for Pd-U-
i, Al-Cu-V, Al-Mn-Si amorphous systems are very brittle [ 26 –29 ]. 
Fig. 2 shows bright-field TEM images and selected-area elec-
ron diffraction patterns of the 10Au (a, b) and 17.5Au (c, d) al-
oys cold-rolled to about 70% reduction in thickness at LNT. The
recipitates in the 10Au ribbon have a diameter of about 100 nm
nd occupy an area fraction estimated to be as high as 70%. The
hin foil thickness used for the TEM observation with a 300 keV
cceleration voltage electron microscope is presumed to be 250–
00 nm [30] . This is greater than average diameter (~75 nm) of
he IQ particles. We take the ratio of foil thickness to particle di-
meter to be a good estimate of the ratio of area to volume frac-
ions. On this basis, the volume fraction of the IQ phase is esti-
ated to be 18–21 %. The diffraction pattern from one of the pre-
ipitates shows five-fold symmetry, indicating that the precipitates
Y. Jin, A. Inoue and F.L. Kong et al. / Acta Materialia 199 (2020) 1–8 3 
Fig. 1. (a) X-ray diffraction patterns and (b) DSC curves, of as-spun Zr 65 Al 7.5 Ni 10 Cu 17.5–x Au x ( x = 6–17.5 at%) glassy ribbons. (c) X-ray diffraction patterns of the 6–17.5% Au 
glassy alloys annealed for 1.8 ks at a temperature just above the first exotherm. For the 10Au alloy annealed for 1.8 ks at 761 K: (d) bright-field TEM image, (e) selected-area 
electron diffraction pattern, and (f) energy-dispersive X-ray (EDX) spectroscopy profiles taken from an IQ-phase region. 
a  
f  
p  
h  
o  
(  
t  
0  
f  
o  
i  
T  
p  
e  
N  
M  
t  
a  
i  
i
 
o  
a  
c  
l  
a  
p  
(  
(  
c  
f  
m  
D  
t  
A  
i  re an IQ phase. This phase includes a high density of internal de-
ects as marked with arrows. The selected-area electron diffraction
atterns of the IQ phase region are shown in Fig. 2 e. On the other
and, the region “A” in the 17.5Au alloy contains a high density
f plane faults and the selected-area electron diffraction pattern
 Fig. 2 f) taken from the region is identified as an approximant crys-
alline (APC) phase with a much larger lattice parameter of about
.72 nm, roughly three times the lattice spacing ( a q = 0.251 nm)
or the (110,0 0 0) plane of the IQ phase. A number of streaks are
bserved along the < 110,0 0 0 > and < 10 0,0 0 0 > directions, indicat-
ng that planar faults lie along the (110,0 0 0) and (10 0,0 0 0) planes.
he close correlation between the APC phase and the IQ phase im-
lies that the APC phase with a cubic structure of a lattice param-
ter of 0.75 nm, which can be regarded as a stoichiometric Zr 2 (Al,
i, Cu, Au) phase, was formed by strain-induced transformation.
any distinct streaks (marked with arrows) in the electron diffrac-
ion pattern for the APC phase indicate that high levels of strains
nd distortions co-exist with the planar faults. There is little ev-dence for the residual amorphous phase in the bright-field TEM
mage or the selected-area electron diffraction pattern ( Fig. 2 c–f). 
Fig. 3 shows HRTEM images and nanobeam diffraction patterns
f the rolling-induced IQ phase in the 10Au (a, b) alloy and dodec-
hedral quasicrystalline (DoQ) phase in the 17.5Au (c, d) alloy, in
omparison with the annealing-induced IQ phase in the 10Au al-
oy (e, f). The HRTEM of icosahedral atomic configurations shows
 regular arrangement over a long range for the annealing-induced
hase, but over a much shorter range in the cold-rolled ribbons
 Fig. 3 a, c). The selected-area electron diffraction patterns (b) and
d) show five-fold and twelve-fold symmetries, respectively, indi-
ating the formations of IQ and DoQ phases. The HRTEM image
rom the DoQ phase reveals an irregular periodic atomic arrange-
ent including a number of misfitting regions, indicating that the
oQ phase also includes a high density of defects, consistent with
he generation of the streaks in the electron diffraction pattern of
PC phase shown in Fig. 2 f. Overall it is clear that the rolling-
nduced IQ, DoQ and APC phases contain a high density of inter-
4 Y. Jin, A. Inoue and F.L. Kong et al. / Acta Materialia 199 (2020) 1–8 
Fig. 2. Bright-field TEM images and selected-area electron diffraction (SAED) patterns of Zr 65 Al 7.5 Ni 10 Cu 17.5–x Au x with x = 10 (a, b) and x = 17.5 at% (c, d) alloy ribbons 
cold-rolled to about 70% reduction in thickness ( R ), respectively; SAED patterns taken from the region of IQ phase (e) and “A” (f) in Fig. 2 (c); (g) X-ray diffractogram of an 
17.5Au alloy ribbon annealed for 1.8 ks at 798 K (shown for reference). 
Fig. 3. High-resolution TEM images and nanobeam diffraction patterns of Zr 65 Al 7.5 Ni 10 Cu 17.5–x Au x ribbons cold-rolled to R ≈ 70%: (a, b) for 10Au, and (c, d) for 17.5Au. For 
comparison, (e, f) an image and diffraction pattern for the 10Au ribbon annealed for 1.8 ks at 761 K. 
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t  nal defects and strains that make them quite distinct from the
annealing-induced IQ phase. The high density of defects prevents
the formation of well-developed icosahedral atomic configurations
over long range. 
Although a twelve-fold DoQ phase has been reported in rapidly
solidified V 15 Ni 10 Si [31] , evaporated BiMn 3 thin film [32] , fully
annealed Ta 62 Te 38 alloy [33] and rapidly solidified Al 65 Cu 25 Fe 5 V 5 
[34] , there is no report on the formation of Zr-based alloys with
twelve-fold symmetry in rapidly solidified and annealing-induced
crystallization states, indicating that cold-rolling of a glass is a
novel method to synthesize a new metastable phase. Fig. 4 shows the changes in the DSC curves and XRD patterns
nduced by cold-rolling of Zr 65 Al 7.5 Ni 10 Cu 17.5–x Au x ( x = 10, 15 and
7.5 at%) ribbons. The 10Au cold-rolled ribbon shows a reduced
eat for the first exotherm indicating the progress of quasicrys-
allization. The reduction of the first exothermic heat is calculated
o be about 19% for the 10Au alloy cold-rolled to ~70%. Here, it
s important to note that deformation induces a highly defected
Q structure, transformation to which releases less enthalpy than
ransformation of the same volume fraction by heating. For this
eason, the relative difference in H of the first peak in the DSC
races ( Fig. 4 a) does not scale exactly with the volume fraction of
Y. Jin, A. Inoue and F.L. Kong et al. / Acta Materialia 199 (2020) 1–8 5 
Fig. 4. (a) DSC curves of the as-spun and cold-rolled (thickness reduction R = 50% and 70%) 10Au ribbons. (b) X-ray diffraction patterns of the 10, 15 and 17.5 at% Au ribbons 
cold-rolled to R ≈ 70%. 
Fig. 5. Changes in structure, Vickers hardness ( H V ) and bending plasticity as a func- 
tion of the reduction in thickness R on cold-rolling Zr 65 Al 7.5 Ni 10 Cu 17.5–x Au x ( x = 10 
and 15 at%) glassy ribbons. The final ribbon thicknesses are noted. 
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w  olling-induced IQ phase; this volume fraction cannot be accurately
etermined only from the DSC data. In particular, the volume frac-
ion of IQ phase induced by thickness reduction of 70% is thought
o be somewhat larger than 19% indicated by the reduction of the
rst exothermic heat. Overall, the TEM images and DSC data allow
or a consistent interpretation of the fraction transformed. 
On the other hand, no change is found in the second exotherm.
he XRD patterns of the glasses after cold-rolling to R ≈ 70% show
he broad glassy-phase halo and some small peaks corresponding
o the main reflections of IQ phase and indicating its precipitation
n the cold-rolled ribbons. However, the diffraction peak intensity
f IQ phase is much lower for cold-rolled than for annealed rib-
ons. A similar significant difference in diffraction peak intensity is
ound between the cold-rolled and annealed Al-based glasses [21] .
he much lower intensity for the IQ phase in the former case is
ttributed to the high density of internal defects and high levels of
trains and distortions caused by repeated cold-rolling. 
We further examined the changes in the structure, Vickers
ardness ( H V ) and bending plasticity with cold-rolling reduction
n thickness R for the 10Au and 15Au glasses. As shown in Fig. 5 ,
 V shows a continuous decrease with increasing R from ~520 in
he as-spun state to 430 for 10Au alloy and 395 for 15Au alloy
fter rolling to R = 70%. The decrease in H V appears to change
t R ≈ 40% where the rolled structure changes from the glass tohe mixed [glass’ + IQ] phase. Annealing the 10Au alloy leads to
recipitation of IQ phase and H V values that increase significantly
ith annealing temperature [20] . The present decrease in H V found
n rolling is thus completely opposite to the previous result. Here
t is notable that the good bending plasticity is maintained for all
he cold-rolled ribbons. This is in contrast to all the previous data
 26 –29 , 31 , 35 ] that IQ and APC phase alloys are extremely brittle.
his discovery that IQ- and [IQ + DoQ + APC]-based alloys can be
uctilized by cold-rolling is extremely important for future struc-
ural and functional applications of such alloys. 
SEM images of the outer bent surfaces of 15Au and 17.5Au rib-
ons in as-spun and R ≈ 70% states, are shown in Fig. 6 a–f, to-
ether with the outer surface photo of the cold rolled ribbon sam-
le subjected to bending (e). No change is seen with Au content:
n each case there are several deformation bands without appre-
iable cracking. This result indicates that the rolling-induced IQ-
nd [IQ + DoQ + APC] phases with rather large particle diameters
f 50–200 nm surrounded by the residual glassy phase have good
lastic deformability at RT and LNT. 
Fig. 7 a shows the tensile stress-strain curve of the 10Au ribbon
onsisting of [glass’ + IQ] phases obtained by cold-rolling to ~70%,
ogether with that of the as-spun ribbon. Although the fracture
trength of the rolled ribbon is rather low (~430 MPa), the stress-
train curve, even within this nominally elastic regime, includes
 number of serrations that seem to originate from further local-
zed slip at the rolling-induced deformation bands. On the other
and, no distinct serrated flow is seen for the as-spun glassy rib-
on, for which the stress-strain curve has the form generally seen
or metallic glasses. 
The tensile fracture surface of the cold-rolled ribbon consists
f smooth and vein-pattern regions, as shown in Fig. 7 b. Although
his combination is the same as for as-spun ribbon, the smooth re-
ion occupies > 50% of the total fracture cross-section, compared
o < 20% for ordinary as-spun glassy ribbons. This significant dif-
erence may reflect the ease of subsequent sliding on the rolling-
nduced pre-existing shear bands. This behavior is also consistent
ith the serrated flow seen in the tensile stress-strain curve for
he rolled ribbon. 
. Discussion 
As shown in Figs. 1 and 2 , the particle size of the IQ phase is
0–15 nm for the annealed alloys and 50–100 nm for the cold-
olled alloys. The significant difference implies that the ratio of nu-
leation frequency to growth rate is much lower for the IQ phase
hen it is induced by cold-rolling. A low nucleation frequency may
6 Y. Jin, A. Inoue and F.L. Kong et al. / Acta Materialia 199 (2020) 1–8 
Fig. 6. SEM images of the outer surface of bent ribbons, and (inset) optical micrographs of Vickers hardness indents in,Zr 65 Al 7.5 Ni 10 Cu 17.5–x Au x ribbons: (a) 15Au, as-spun, (b) 
15Au, R ≈ 70%, (c) 17.5Au, as-spun, (d) 17.5Au, R ≈ 70%, (e) the outer surface photo of the cold rolled ribbon sample subjected to bending. 
Fig. 7. (a) Tensile stress-strain curves at RT for as-spun glassy and cold-rolled IQ-based 10Au ribbons, and (b) SEM images of the fracture surface. 
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r  be due to the limited number of nucleation sites in the highly lo-
calized shear-band regions. On the other hand, the higher growth
rate is presumably because the resulting IQ phase has incomplete
quasiperiodic order over a long scale caused by the inclusion of in-
ternal defects and distortions. This is in contrast to the experimen-
tal evidence from the much smaller diameter of annealing-induced
IQ particles, resulting from the difficulty of atomic diffusivity in
the multicomponent alloys. The rolling-induced formation of the
IQ phase may also be aided by adiabatic heating in the limited lo-
cal shear-band regions, where the temperature can rise to a few
thousand kelvins instantaneously, enhancing the atomic mobility
[36–39] . It is presumed that the repeated temperature rises caused
by the sequential rolling can enable the precipitation of highly de-
fected IQ phase with much larger particle size. Fig. 8 shows a schematic thermodynamic description of quasi-
rystallization for the 17.5Au alloy. Here, the alloy is treated as bi-
ary with all solutes considered together. The free energies of the
quilibrium ZrM, Zr 4 M 3 , Zr 2 M and Zr 3 M phases are shown fixed,
nd relative to them, the free energy of the glass or supercooled
iquid is shown for three temperatures. The free energy minimum
or the IQ and DoQ phases is shown rather broad, considering that
he solubility limit may be high for formation over a wide com-
osition range. Arrows 1 and 2 represent the heating-induced par-
ial and full crystallization reactions of glass → [glass’ + IQ] and
glass’ + IQ] → [ZrM + Zr 4 M 3 + Zr 2 M + Zr 3 M], respectively, while
rrows 3 and 4 represent the rolling-induced transformations of
lass → [glass’ + IQ + DQ] and glass → [glass’ + IQ + DoQ + APC],
espectively. On annealing at quasi-crystallization onset (~750 K),
Y. Jin, A. Inoue and F.L. Kong et al. / Acta Materialia 199 (2020) 1–8 7 
Fig. 8. The relative free energies of the phases relevant for the transformations 
on cold-rolling a melt-spun ribbon of Zr 65 Al 7.5 Ni 10 Au 17.5 glass. In this schematic 
figure, the alloy is treated as a binary (Zr + solute) system. Arrows 1 and 2 
show the heating-induced first crystallization of glass → [glass’ + IQ] and the 
second crystallization of [glass’ + IQ] → [Zr 2 M + Zr 4 Al 3 + Zr 3 Al + ZrM}, re- 
spectively. Arrows 3 and 4 correspond to the rolling-induced transformation of 
glass → [glass’ + IQ + DoQ] and glass → [glass’’ + IQ + DoQ + APQ], respectively. 
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he glass can lower its free energy (arrow 1 in this figure) by
ndergoing primary quasi-crystallization to the IQ. At this tem-
erature, polymorphic crystallization to IQ would not be possi-
le thermodynamically (the free energy would rise) or kineti-
ally (partition would occur). At RT or LNT, however, the driv-
ng force for quasi-crystallization is much greater, and polymor-
hic quasi-crystallization to IQ (arrow 2) is possible. Furthermore,
olute transport is inhibited, so the formation of the Zr 2 M com-
ound with composition different from that of the glass is im-
ossible. Suppression of equilibrium compound formation is im-
ortant to avoid embrittlement on annealing. Polymorphic quasi-
rystallization has also been reported on continuous heating for
d-U-Si [ 26 , 27 ], Al-Cu-V [28] and Al-Mn-Si [29] amorphous rib-
ons, accompanying a distinct exotherm. However, the quasi-
rystallized ribbons are very brittle, in marked contrast to the good
lasticity for the cold-rolled ribbons in which the formation of the
Q and DoQ phases is by polymorphic crystallization. 
The IQ and DoQ phases do not have a periodic translational lat-
ice and hence cannot have plastic deformability via the glide of
islocations at RT [ 40 , 41 ]. Previous studies of mechanical proper-
ies [ 11 , 40 , 41 ] have reported that IQ-based alloys can be deformed
lastically at high temperatures through the climb of dislocations
ia thermal diffusion. These results also suggest that IQ-based al-
oys can show plastic deformability, even at RT, through higher
tomic mobility associated with incomplete long-range icosahe-
ral order, typically associated with a high density of internal de-
ects and pronounced distortions. Incomplete IQ, DoQ and APC
rder may permit plastic deformation via fast atomic rearrange-
ents. In addition, considering that plastic glass ribbons contain-
ng large size IQ, DoQ and APC particles are obtained only for
r 65 Al 7.5 Ni 10 Cu 17.5–x Au x alloys, the fast rearrangements under an
pplied stress may be associated with repulsive Au-Ni bonding
42] . 
. Conclusions 
Cold-rolling of initially fully glassy Zr 65 Al 7.5 Ni 10 Cu 17.5–x Au x 
 x = 6–17.5 at%) ribbons induces formation of IQ phase at 6–15t% Au and [IQ + DoQ + APC] phases at 17.5 at% Au. After rolling
o R ≈ 70%, the volume fractions of these phases reach about 20 %
n the residual glassy matrix. The particle diameters of the IQ and
oQ phases are 50–100 nm and 150–200 nm, respectively. The IQ-
nd [IQ + DoQ + APC]-based alloys have good cold-rollability to
70% and can be bent through 180 °, and back, without breaking.
 number of slip markings are observed on the outer bent sur-
ace. This bending plasticity is contrast to the extremely brittle na-
ure of the corresponding annealed alloys consisting of nanoscale
Q (10–15 nm diameter) particles in the residual glassy matrix. The
 V of the 10Au and 15Au ribbons is about 520 for the as-spun
lass, decreases with increasing reduction in thickness and reaches
s low as about 430 and 395, respectively, at R = 70%. The IQ-
ased ribbon exhibits some serrated flow under tensile load, even
n the nominally elastic region, presumably due to local slip at
olling-induced shear-band sites. The formation of [IQ + glass’] and
IQ + DoQ + APC + glass’] alloys by cold-rolling is facilitated by
he nucleation sites and higher growth rates of IQ, DoQ and APC
hases at shear bands. The HRTEM images reveal high densities
f defects and significant distortions, and the lack of long-range
uasiperiodic atomic configurations. The formation of an incom-
letely ordered IQ atomic configuration is presumed to be the ori-
in for the good plasticity for the glass alloys containing large size
Q- and [IQ + DoQ + APC] particles. This first success of synthesiz-
ng [IQ + glass’] and [IQ + DoQ + APC + glass’] alloys with good
lasticity is promising for the future development of such materi-
ls for structural and functional applications. 
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